OBJECTIVES: Previous studies have reported a high incidence of acute kidney injury (AKI) after thoracic aortic surgery. However, the incidence of AKI in patients undergoing total arch replacement (TAR) with selective cerebral perfusion (SCP) and mild hypothermic lower body circulatory arrest (mild HLBCA) with a tympanic temperature of 25°C remains unknown. We studied AKI incidence and associated risk factors, as defined by the Acute Kidney Injury Network (AKIN).
INTRODUCTION
Deep hypothermic circulatory arrest (DHCA) was first introduced for cerebral protection during total arch replacement (TAR) in 1975 [1] . However, these complex procedures are still associated with relatively high mortality and morbidity rates [2] . As is well known, the safe duration of DHCA alone is limited [3, 4] and, therefore, a combination of hypothermic circulatory arrest (HCA) with antegrade-selective cerebral perfusion (SCP) is currently adopted in many institutions [5, 6] . However, there is no common guideline as to the temperature for the circulatory arrest prior to the initiation of SCP. The initial temperature for mild hypothermic lower body circulatory arrest (mild HLBCA) is generally higher when using SCP than without SCP, but it cools slightly during the arrest. Mild HLBCA might offer the advantage of shorter cardiopulmonary bypass (CPB) times and reductions in coagulation disorders, but might cause ischaemic injury to the visceral organs and spinal cord. However, excellent results from the use of SCP and mild HLBCA have recently been reported by us and by others [7, 8] .
In our current strategy, when we use a tympanic temperature of 25°C to introduce circulatory arrest, bladder temperature is generally around 30°C, and in no case below 28°C, and this we defined as 'mild' HLBCA induction. After this induction, bladder temperature declines slightly to a mean minimum of 27.7°, probably mainly because of the nature of SCP. SCP is instituted through three brachiocephalic vessels, allowing some collateral circulation, with cooling, to the lower body [7, 9] .
DHCA has been shown to have adverse effects upon multiple organ systems [1] . Postoperative acute kidney injury (AKI) is a common complication (40-50%) encountered in patients undergoing TAR under DHCA [10, 11] . However, there have been few studies reporting the incidence of AKI and associated risk factors [as defined by the Acute Kidney Injury Network (AKIN)] [12] during TAR under SCP and mild HLBCA. Therefore, we sought further data through our method of TAR by assessing the incidence of AKI and associated risk factors.
MATERIALS AND METHODS

Patients
All patients had previously granted permission for use of their medical records for research purposes. The study was approved by the Institutional Review Board. Between January 2008 and December 2013, a total of 156 consecutive patients underwent TAR, including isolated, concomitant, elective and emergent cases at Shiga Medical University Hospital. Six patients with chronic haemodialysis and 34 emergency cases were excluded, such that 116 patients were included in the study.
The AKI criteria and classification were those of the AKIN [12] . The AKI criteria stipulate an absolute increase in serum creatinine (sCr) of 0.3 mg/dl or more or a percentage increase in sCr of 50% or more. We assessed postoperative AKI by the maximal change in sCr within a postoperative period of 48 h.
The glomerular filtration rate (GFR) was estimated from ). (This equation was derived for a Japanese population [13] .) Demographic and preoperative variables included age, gender, body mass index (BMI), aetiology of the aneurysm (atherosclerosis versus dissection), previous history of hypertension (defined as patients with a documented history of hypertension having previously being treated with an antihypertensive agent), hyperlipidaemia (cholesterol >200 mg/dl), diabetes mellitus (haemoglobin A 1c >6.0%), smoking history, cerebrovascular disease (defined as history of stroke), chronic obstructive pulmonary disease, peripheral arterial disease, coronary artery disease, CKD, sCr level, eGFR, primary operation versus reoperation and concomitant procedure. Intraoperative variables measured were operation time, CPB time, cardiac arrest time, mild HLBCA time, SCP time, and the tympanic membrane and bladder temperatures at initiation of mild HLBCA and the corresponding lowest temperatures during mild HLBCA. Postoperative variables included the development of AKI, hospital death, the introduction of renal replacement therapy (RRT, defined as temporary or permanent dialysis introduced within 48 h after surgery), mechanical ventilation time, prolonged ventilation support of >48 h, care unit stay, postoperative hospital stays, stroke [defined as a newly developing neurological deficit confirmed by means of computed tomography (CT)], paraplegia, re-exploration for bleeding, perioperative use of intra-aortic balloon pumping, deep sternal infection, superficial sternal infection, postoperative maximal sCr, urine volume (ml/kg/h) for 6 h post operation, sCr at discharge and AKI at discharge.
For a contemporary perspective, we identified 299 patients who underwent off-pump coronary artery grafting (OPCAB), and 257 patients who underwent aortic valve replacement (AVR) for aortic valve stenosis, excluding cases of chronic haemodialysis and emergency. The incidence of AKI in OPCAB and AVR was investigated.
Surgical method
We have used the described surgical method since January 2008 (Fig. 1) . It has been reported previously, and can be seen in a video on the Internet [9] .
Monitoring
The patient is placed supine, and general anaesthesia is induced. Bilateral radial arterial lines are monitored and temperature probes are introduced to the tympanic membrane, bladder and rectum. Transoesophageal echocardiogram monitoring is used throughout the procedure. 
Institution of cardiopulmonary bypass
The approach in all patients is through median sternotomy. The arterial cannulation site is determined according to preoperative CT and intraoperative epiaortic echographic findings. Our preferred site is the ascending aorta. If the ascending aorta and aortic arch are severely atherosclerotic, we use the right axillary artery or femoral artery cannulation. Two venous cannulae and a left ventricular vent cannula are used. Systemic cooling is started until the tympanic temperature falls to 25°C. The ascending aorta is not clamped, to avoid aortic manipulation until HCA, except in concomitant cardiac valve procedures with normal ascending aortic wall.
Circulatory arrest at tympanic temperature of 25°C
CPB is terminated at a tympanic temperature of 25°C, at which point the aorta is opened. In most cases, when the tympanic temperature reaches 25°C, which takes 10-20 min, the bladder temperature is still 30-32°C.
Myocardial protection and selective cerebral perfusion
The myocardium is protected by retrograde intermittent cold blood cardioplegia through a catheter inserted directly into the coronary sinus via a right atriotomy and purse-string suture. SCP is used routinely in our TAR. A 14-Fr balloon-tipped cannula is inserted into the brachiocephalic artery and 12-Fr cannulae are inserted into the left common carotid and the left subclavian arteries. Antegrade SCP flow is 10-12 ml/kg/min with a perfusate temperature of 25°C. Brain oxygen saturation is monitored using INVOS 5100C (Somanetics, Troy, MI, USA).
Creation of distal aortic stump and distal aortic anastomosis
Given that the distal anastomosis is often deep and narrow, an ESTECH retractor with Assistant Attachment StableSoft™ 2L (Estech, San Ramon, CA, USA) is used during the distal procedure to create a comfortable surgical field. A sealed quadrifurcated Dacron graft is always used for aortic arch reconstruction. The distal anastomosis is constructed with a 3-0 Prolene (SH needle) continuous running suture reinforced with Teflon felt strips. After completion of the distal repair, one of the plexus branches is connected to the arterial line of the CPB and the prosthesis is clamped proximally. Antegrade perfusion of the distal aorta is then resumed, after which systemic rewarming is started.
Proximal ascending aortic anastomosis
Next, the repair of the proximal ascending aorta is carried out with Teflon felt strip reinforcement 1 cm above the sinotubular junction. After this is completed, coronary circulation is restarted.
Brachiocephalic branch reconstruction
Finally, the three arch vessels are reconstructed using a 5-0 Prolene continuous running suture from the left subclavian artery to the brachiocephalic artery.
In all our cases, at the point at which reconstruction of the arch vessels was completed, the bladder temperature had reached 35°C and the heart was contracting sufficiently to allow weaning from CPB.
Perioperative management
Low-dose dopamine (3-5 μg/min/kg) is routinely initiated at the time of anaesthesia induction in patients with CKD and continued into postoperative day 1. In addition, low-dose carperitide (0.03-0.05 μg/min/kg) is introduced after surgery. Packed red blood cells are transfused if the perioperative haematocrit is <30%. Criteria for starting dialysis are oliguria, hyperkalaemia, blood urea nitrogen level >50 mg/dl, sodium level <115 or >160 mmol/l and significant metabolic acidosis or bicarbonate concentration <18 mmol/l.
Statistical analysis
We compared the demographic and perioperative variables of the groups using Student's t-test (continuous, normally distributed data), the Mann-Whitney U-test (continuous, skewed data) and the Pearson χ 2 test (categorical variables). Potential predictors of AKI were identified by univariate analyses. Variables with P <0.050 in the univariate analyses were entered into a forward stepwise logistic regression (P <0.050 for retention). A two-sided P-value <0.050 was considered statistically significant. All statistical analyses were performed with SPSS version 22 (SPSS, Inc., Chicago, IL, USA).
RESULTS
The mean age of the 116 patients was 72.3 years (range 31-88 years). There were 89 men (76.8%) and 27 women (23.2%). The cause of the aneurysm was atherosclerosis in 101 patients (87.0%) and dissection in 15 (13%). Thirteen patients (11.2%) requiring re-operative surgery were included. Fifty-one patients (43.9%) underwent concomitant cardiac procedures: coronary artery bypass grafting (CABG) (n = 33), AVR (n = 13), aortic valve repair (n = 4), mitral valve repair (n = 1), valve sparing aortic root replacement (n = 1) and Maze procedure (n = 9). Tables 1 and 2 show patient demographics according to AKI.
For all cases, the mean operation time, CPB time, cardiac arrest time, mild HLBCA time and SCP time were 270.6 ± 72.5, 151.0 ± 46.4, 85.1 ± 28.9, 53.1 ± 20.1 and 99.0 ± 28.4 min, respectively. The tympanic and bladder temperatures at the initiation of mild HLBCA and the lowest tympanic and bladder temperatures were 25.0 ± 1.1, 29.7 ± 2.7, 23.6 ± 1.1 and 27.7 ± 2.0°C, respectively (Table 3) .
During the first postoperative 48 h, 50 patients (43.1%) developed AKI. However, there was no case in which urine output fell below 0.5 ml/kg/h after the operation. From a contemporary perspective, the incidence of AKI was 32.8% in our OPCAB group and 38.9% in our AVR group. Significant differences between the AKI (Tables 1 and 3 ). However, tympanic and bladder temperatures were not risk factors. The logistic regression analysis identified CKD and mild HLBCA >60 min as independent risk factors for AKI (Table 4) .
Hospital death (at >30 days) occurred in 2 cases (1.7%). Two patients with cerebrovascular accident developed AKI. Of these, 1 patient died of pneumonia and 1 of rupture of an aneurysm in the remaining descending aorta. Postoperative mortality between the AKI and non-AKI groups was not significantly different (AKI 4.0% vs non-AKI 0% P = 0.101) ( Table 5) .
RRT was required within 48 h after surgery in 2 patients (1.7%). One of these patients required temporary dialysis and the other patient was placed on chronic dialysis. A significant difference between the AKI and non-AKI groups was found only in postoperative hospital stays. There were no significant differences in other complications between the groups (Table 5 ).
In the postoperative AKI process, it was necessary for only 6 of 114 patients who were able to leave the hospital to continue receiving treatment for renal impairment. No new renal injury during hospitalization occurred in the non-AKI groups.
DISCUSSION
The incidence and outcomes of AKI during TAR in previous investigations have not been consistent [10, 11] , probably because of the lack of a standardized definition and classification [13] . The first consensus definition of AKI, named using the acronym RIFLE (Risk, Injury, Failure, Loss of function, End-stage renal disease), was published by the Acute Dialysis Quality Initiative group in 2004 [14] . The AKIN group has proposed refinements of the previous criteria [13] . In particular, the AKIN group aimed to increase the sensitivity of the previous criteria by recommending that a smaller change in the sCr would be sufficient to define the development of AKI. Also, a time constraint of 48 h for diagnosis of AKI was proposed.
In our investigation using AKIN criteria, the incidence of postoperative AKI in our method of TAR was 43.1%. From a contemporary perspective, the incidence of AKI found in OPCAB was 32.7%, which was less than that found in our method of TAR. That found in AVR was 38.9%, which was about the same as in our TAR. Any relation between AKI and CPB and HCA remains unclear. Although the pathophysiological features of AKI are complex, it seems possible that ischaemic injury of the kidney arising from HCA [15] and the atheroembolic burden during cardiac surgery might lead to AKI [16] . In general, AKI is not uncommon among patients who undergo cardiothoracic surgery, with numbers depending on the definition used [17] . Specifically, AKI is a common postoperative complication (40-50%) among patients undergoing TAR [10, 11] . Similarly, the incidence of postoperative RRT in our study (1.7%) was equal to those of previous reports [10, 11, 17] . Six patients (5.1%) still had AKI when they were able to leave the hospital. Of the 50 AKI cases in our series, sCr returned relatively early to the preoperative level by the time of discharge in 44 cases (88%), and early recovery of renal function after AKI is associated with improved long-term survival [18] . Historically, TAR has required DHCA or retrograde cerebral perfusion (RCP) with DHCA during distal anastomosis [1, 3] . Given that DHCA dramatically reduces cerebral oxygen requirements, it enabled the development of modern aortic surgery. However, because the safe duration of arrest is limited by the risk of neurological sequelae [2] , arch exclusion restricted to 30-40 min has emerged as a guideline for the safe use of HCA [3, 4] . Therefore, this technique is not applicable to cases of complex arch pathology that require extended periods of distal reconstruction. Multiple studies have shown that SCP extends the safe duration of arch intervention beyond that with DHCA alone, which is especially helpful when distal arch repair requires more than 30 min [5, 6] . Therefore, SCP and RCP have become preferred for brain protection during aortic arch surgery, rather than DHCA alone. In fact, a steady increase in the number of thoracic aortic operations over in the past 20 years has been observed [19] in Japan, apparently because of, at least partly, the development of these safer methods for brain protection. In addition, a recent risk-adjusted comparative study of aortic arch surgery demonstrated that SCP and RCP provided comparable outcomes in mortality and stroke, although a higher incidence of transient neurological dysfunction was noted in the RCP group compared with the SCP group [20] . Although the ideal HCA temperature during SCP remains undetermined, SCP seems to be the bestknown method for brain protection during aortic arch surgery.
A recent report by Englberger et al. [21] showed a relatively low incidence of AKI and RRT in 851 patients undergoing elective thoracic aortic surgery with and without DHCA. In this study, DHCA was not a risk factor for AKI. Tsai et al. [22] also compared clinical outcomes of HCA in different temperatures during aortic arch surgery with SCP and HCA. In this investigation, moderate HCA (mean nasopharyngeal temperature, 22.9°C) and DHCA (mean, 16.8°C) were associated with similar levels of postoperative renal function. Kamiya et al. [23] also reported that the incidence of RRT was not significantly different between DHCA (nasopharyngeal temperature, 20-24.9°C) and moderate HCA (25-28°C) in 377 patients undergoing repair of aortic arch during SCP and HCA. In our series, tympanic and bladder temperatures were monitored at In our study, the AKI groups had a significantly longer operation time, CPB time, cardiac arrest time, mild HLBCA time, and SCP time compared with the non-AKI group. In two studies of TAR with DHCA [10, 11] , CPB time was about 180 min and DHCA time about 30 min, and in two studies of TAR with SCP and HCA [22, 23] , CPB time was about 150-180 min and HCA time was about 30-40 min. Compared with these four studies, our series involved shorter CPB times (mean 151 min) but longer mild HLBCA (mean 53 min). This might explain our higher incidence of (mostly transient) AKI.
In addition, mild HLBCA time >60 min was an independent risk factor in our study. Our method of TAR involved insertion of SCP cannulae into all three arch vessels, perfusion using a separate pump, and achieving blood backflow from the intercostal arteries into and up the descending aorta. Although the origin of this blood backflow is unclear and the vascular network in the vertebral, mammary, intercostal and spiral arteries is also not fully understood, we believe that the backflow might contribute to the protection of the visceral organs and the spinal cord. Also, because distal aortic anastomosis is the only procedure done during mild HLBCA, there is no need to extend mild HLBCA time for concomitant cardiac procedures. Therefore, only the complexity of that distal anastomosis is associated with the extension of mild HLBCA (Fig. 1) . The two most common problems extending mild HLBCA beyond 60 min are 'shaggy aorta' and deep extending descending aorta aneurysm; such delay increases the risk of AKI.
Hobson et al. found that short-and long-term survival of patients with AKI was proportional to AKI severity and calculated the adjusted hazard ratio for patients with RIFLE Class F (failure) as 2.14 relative to patients without AKI [24] . In the present study, no significant difference in mortality and postoperative RRT was observed between the AKI and non-AKI groups, probably because the mortality rate was low and the number of patients might not have been large enough to reflect any difference in mortality. BMI, history of cerebrovascular disease and CKD were associated with AKI in the univariate analysis. These results were similar to those of Thakar et al. in an investigation predicting acute renal failure after cardiac surgery [25] .
Our data show that reoperation and concomitant procedures (which do not extend mild HLBCA time) had no significant effect on AKI risk. In our findings, preoperative CKD was the only other risk factor for AKI. No causal relation between postoperative complications (stroke, paraplegia, re-exploration for bleeding and sternal infection) and AKI was indicated by our analysis. The presence of AKI influenced only postoperative hospital stays.
The present study was limited in that it was a retrospective cohort study at a single institution. Moreover, the relatively small number of patients might have resulted in insufficient statistical power. The study also lacked a direct comparison with operations performed under DHCA. Given that we have modified our technique by gradually increasing the minimum temperature at the time of HCA, we had only a small sample size of patients who underwent DHCA. Instead, we focused on preoperative and intraoperative variables that might predict AKI. Considering the complex interactions among different organ systems, the association between AKI and the independent risk factors might have been confounded by the many postoperative complications.
In conclusion, the incidence of AKI in TAR under SCP and mild HLBCA was similar to that in previous studies [10, 11, 17] . Also, the independent risk factors for AKI were CKD and mild HLBCA >60 min. AKI was not found to be a risk factor for mortality and postoperative RRT, and kidney injury rate by the time of discharge was low. However, prolonged mild HLBCA and preoperative CKD might need additional consideration. 
